Perfluoropolyethers (PFPE) are commercially available non-flammable short chain polymeric liquids. Endfunctionalized PFPE chains solvate lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt and these mixtures can be used as electrolytes for lithium (Li) batteries. Here we synthesize and characterize a new class of solid PFPE electrolytes. The electrolytes are made by either thermal or UV crosslinking PFPE chains with urethane methacrylate end-groups. For the synthesis of thermally crosslinked electrolytes, polyhedral oligomeric silsesquioxane (POSS) with organic acrylopropyl groups was used as crosslinker agent, while for UV cured electrolytes a photoinitiatior was used. We present thermal, morphological, and electrical data of the solid electrolytes. We compare these properties with those of the two parent liquids (PFPE with urethane methacrylate end-groups and POSS with acrylopropyl groups) mixed with LiTFSI. The solubility limit of LiTFSI in the PFPE-based solids is higher than that in the liquids. The conductivity data are analyzed using the Vogel-Tamman-Fulcher equation. The concentration of effective charge carriers is a strong function of the nature of the solvent (solid versus liquid) whereas the activation energy is neither a strong function of the nature of the solvent nor salt concentration.
Introduction
Solid polymer electrolytes are one of the key materials that could lead to the development of next generation rechargeable lithium (Li) batteries [1, 2] . Poly(ethylene oxide) (PEO) laden with alkali metal salt is the most studied polymer electrolyte since the initial works by Fenton et al. and Armand et al. [3, 4] A commonly used salt is lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). The performance of electrolytes depends on many parameters such as ionic conductivity, cation transference number, salt diffusion coefficient, and the thermodynamic factor [5, 6] . For practical applications, the ionic conductivity of electrolytes must exceed 10 − 5 S/cm; one may consider this to be the lower limit for a viable electrolyte regardless of the values of the other transport and thermodynamic factors. The requisite conductivity in PEO electrolytes is only obtained in the rubbery state, above the PEO melting temperature, which is in the vicinity of 60°C. At this temperature, conductivities as high as 10 − 3 S/cm are obtained [7, 8] . Unfortunately, in this state, PEO is a viscoelastic liquid; in order to create solids, one must chemically crosslink the PEO chains.
Numerous polyether-based crosslinked polymer electrolytes have been studied [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Simple strategies for crosslinking usually involve thermally activated reactions or UV irradiation [18] [19] [20] [21] . Unfortunately, the ionic conductivity of these solids is often below 10 − 5 S/cm at room temperature [22] . In an important study, Pan et al. developed a series of crosslinked polymer electrolytes using PEO as the conducting polymer and polyhedral oligomeric silsesquioxane (POSS) as the crosslinker [19] . Through a one-step thermally activated reaction between octakis (3-glycidyloxypropyldimethylsiloxy)octasilsesquioxane (octa-POSS) and amine-terminated PEO in the presence of LiTFSI, electrolytes with ionic conductivity higher than 10 − 5 S/cm at 30°C, and close to 10 − 3 S/cm at 90°C, were produced. These values are very similar to that of PEO homopolymer doped with LiTFSI [23] . It is perhaps surprising that in this particular system, crosslinking does not hinder ion transport. Functionalized POSS particles are ideally suited for fundamental studies due to their well-defined organic/inorganic architecture at the molecular level and the wide range of organic outer shells that can be attached to the POSS particles [24] [25] [26] . Wunder and coworkers http://dx.doi.org/10.1016/j.ssi.2017.08.007 Received 25 July 2017; Received in revised form 11 August 2017; Accepted 13 August 2017 investigated PEO-terminated POSS as a liquid based electrolyte depending on the PEO chain length and the Li salt nature [27] [28] [29] [30] [31] . For short PEO chains, between 4 and 8 repeat units, the ionic conductivity at room temperature is about 10 − 4 S/cm. Another electrolyte, developed by the same group, comprised of a mixture of PEO and functionalized Li salt based on multi-ionic POSS had a room temperature ionic conductivity similar to the PEO-terminated POSS electrolyte [32] . In the context of polymer electrolytes, the inorganic POSS content is usually considered as a minor non-ionically-conductive component. There is considerable controversy surrounding the effect of inorganic oxides on the conductivity of PEO/inorganic hybrid electrolytes. In early work, it was thought that the addition of inorganic fillers such as silica and alumina (particle sizes in the sub-micron to micron range) could enhance the conductivity of rubbery electrolytes by factors as large as 200 due to interactions between the polymer, salt, and filler that are generally referred to as "space-charge" effects [33] . More recent studies, however, suggest that the addition of fillers can lead to a decrease in the conductivity of rubbery electrolytes. Efforts to study polymer-salt-filler interactions by spectroscopy have led to the conclusion that "space-charge" effects are absent [34] .
Conventional ether-and carbonate-based electrolytes dissolve salts due to interactions between the cation and oxygens in the electrolyte that are characterized by a partial negative charge. To our knowledge, all of the solid polymer electrolytes studied thus far fall into this category. In the rubbery state, ion transport is coupled to segmental motion, which, in turn is coupled to the glass transition temperature (T g ). One of the limitations of PEO-based electrolytes is the rapid increase in T g with added salt due to the interactions between oxygen-bearing segments and lithium cations [8, 35] . While the T g of pure PEO is in the vicinity of − 65°C, that of PEO electrolytes with optimal lithium salt concentration is in the vicinity of − 45°C [8, 36] . In recent work, we examined the possibility of using mixtures of lithium salts and perfluoropolyethers (PFPEs) as electrolytes for lithium batteries [37] [38] [39] [40] [41] . Perfluoropolyethers are non-crystalline, non-flammable short chain polymers with extremely low T g ; the T g of pure PFPEs is in the vicinity of −90°C. Preliminary evidence suggests that the ability of PFPE-based electrolytes to dissolve salts is due to interactions between the fluorinated anions in the salt and the fluorinated backbones of PFPE [37] . To date, all of the published work on PFPE electrolytes is limited to liquid electrolytes.
The purpose of this paper is to report on the synthesis and characterization of solid PFPE electrolytes with LiTFSI. We present data on two types of crosslinked PFPEs: thermally crosslinked POSS-based PFPE electrolytes inspired by Pan et al. [19] and UV crosslinked solids inspired by the work of Williams et al. [42] The POSS-based system was obtained by reacting acrylate-functionalized POSS with PFPE. We show that crosslinking increases the solubility of LiTFSI in PFPE-based solids (both POSS and UV crosslinked systems). Our data suggest that POSS particles may play an important role in ion transport; mixtures of acrylate-functionalized POSS and LiTFSI exhibit significant conductivity. The conductivities of solid PFPE electrolytes can be as high as 10 − 4 S/ cm at elevated temperatures. In future work, we hope to measure other transport and thermodynamic properties of these solid electrolytes. 
Materials
Perfluoropolyether-urethane methacrylate (Fluorolink® MD700, Solvay) (PFPE) was purchased from the supplier Cornerstone Technology Inc. The PFPE average molecular weight from the material datasheet is 1920 g/mol. Polyhedral oligomeric silsesquioxane with organic acrylopropyl groups attached at the corners of the POSS cage, with a formula weight of 1321.75 g/mol, was purchased from Hybrid Plastic Inc. (Acrylo POSS MA0736, (C 6 H 9 O 2 ) n (SiO 1.5 ) n ) (POSS). The α-hydroxycyclohexyl phenylketone photoinitiator and inhibitor-free anhydrous tetrahydrofuran (THF) solvent were obtained from Sigma Aldrich. All materials were stored and used as received in an argon filled MBraun glovebox with ultralow concentrations of water and oxygen. Prior to use, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) obtained from Novolyte was dried at 120°C under vacuum for three days in the glove box antechamber before being brought inside the glove box.
Electrolytes formulation
All the liquid-and solid-based electrolytes were prepared inside an argon glove box. Liquid-based electrolytes were formulated by mixing PFPE, or POSS, with a predetermined amount of LiTFSI at 90°C until complete dissolution of the salt was observed by the naked eye. Typical mixing times were in the range of 4 h. The LiTFSI weight fraction (w LiTFSI ) in PFPE-and POSS-based liquid electrolyte was varied between 0 and 0.50. The PFPE-and POSS-based liquid electrolytes are labelled PFPE_w LiTFSI and POSS_w LiTFSI , respectively.
Our approach for synthesizing thermally crosslinked solid electrolytes is summarized in Fig. 1a . POSS, PFPE, and LiTFSI were first dissolved in THF and stirred for 1 h at room temperature followed by 3 h at 70°C. The solution was cast on a polytetrafluoroethylene (PTFE) Petri dish and dried at 60°C for 3 days to ensure complete solvent evaporation. Dry solid electrolytes were obtained by annealing the cast films inside the glove box antechamber for 48 h under vacuum at 120°C. During this step, the PFPE methacrylate end groups react with the acrylate groups on the POSS molecules to generate a crosslinked network. After cooling down to room temperature, the resulting electrolyte films were peeled off the Petri dish. These crosslinked electrolytes are labelled XL-POSSw POSS -PFPE_w LiTFSI , with w POSS and w LiTFSI the weight fraction of POSS and LiTFSI, respectively. The weight fraction of POSS was varied between 0.24 and 0.49, while w LiTFSI was varied between 0 and 0.52.
Solid electrolytes were also obtained by a UV activated crosslinked reaction as summarized in Fig. 1b . PFPE and LiTFSI were mixed together at 90°C until complete dissolution of the salt, as seen by the naked eye, typically for 4 h. Then, 0.2 wt% of photoinitiator was added to the mixture and stirred for 2 min at 90°C. The final mixture was cast on a PTFE Petri dish at room temperature. A solid film was obtained by a UV irradiation step inside the glove box using light with a wavelength of 365 nm (UV curing chamber ELC-500, Electron-Lite Co.) for 2 min. The UV activated crosslinked electrolytes are labelled XL-PFPE_w LiTFSI , with w LiTFSI ranging in between 0 and 0.5.
Thermal characterization
The thermal properties of the electrolytes were studied by differential scanning calorimetry (DSC). Inside the argon glove box, electrolyte samples were sealed in aluminum (Al) hermetic pans and DSC experiments were performed on a TA Instruments DSC Q200 instrument. The samples were first equilibrated at −90°C, and two heatingcooling cycles were performed in between − 90 and 150°C at 10°C/ min. The electrolyte glass transition temperatures (T g ) were extracted from the second heating cycle.
Thermogravimetric analysis (TGA) was carried out to determine the solid electrolyte thermal stability. The samples, placed in an Al pan, were equilibrated at 40°C, and heated up to 600°C at 10°C/min under a constant flow of argon gas. For comparison, the LiTFSI salt was also characterized, starting at 140°C. The onset temperature of electrolyte degradation (T d ) corresponds to a 5% weight loss.
Symmetric cell assembly and characterization
Stainless-steel symmetric cells were assembled inside the argon glove box. The liquid-based electrolytes filled a 0.3 cm diameter hole of a 254 μm-thick silicone spacer that defines the active area (S) of the cell. Two 200 μm-thick stainless steel blocking electrodes were then placed on each side of the electrolyte-spacer assembly and pressed at room temperature. At each step of the assembly the overall thickness was measured to monitor the electrolyte thickness (l). An Al tab was taped on each stainless steel electrode and the assembly was vacuum sealed in a pouch bag (Showa Denko). For the solid electrolytes a similar cell assembly was used except that a wider electrolyte disk than the stainless-steel electrode diameter was punched from the dry electrolyte film. The active cell area, S, was defined by the stainless steel electrodes which were 1.5 cm in diameter.
The cells were mounted into a custom heating stage and connected to a potentiostat (VMP3, Bio-Logic SAS). Impedance spectroscopy experiments were performed using an ac voltage between 10 and 40 mV in a frequency range between 10 6 and 1 Hz. The temperature (T) program consisted of an initial heating scan from 30 to 90°C in 10°C steps, followed by cooling scan to 30°C using 10°C steps. This was followed by a second heating scan similar to the first one. The data were analyzed from the cooling scan and subsequent heating scan. A typical impedance spectrum of the XL-POSS 0.12 -PFPE_0.3 electrolyte at 90°C is shown in Fig. 2 . For each T, the equilibrated value of R el was extracted from the impedance spectra by fitting the profile with an equivalent electrical circuit consisting of inductance, resistors and constant phase elements [23] . This circuit, shown in the inset of Fig. 2 , is composed of the apparatus resistance (R c ) and inductance (L c ), in series with R el in parallel with the electrolyte pseudo-capacitance (CPE el ), in series with the blocking electrode electrolyte interface pseudo-capacitance (CPE int ). After the experiments, the cells were returned to the argon glove box and disassembled to determine the final electrolyte thickness, l. Conductivity, σ, at a given temperature, T, was calculated using Eq. (1):
The average conductivity for each electrolyte was determined from three to five independent measurements and the error bars represent the standard deviation.
Morphology characterization
The morphologies of two representative solid electrolytes, XL-PFPE_0.40 and XL-POSS 0.13 PFPE_0.35, were determined by scanning transmission electron microscopy (STEM). Thin sections with thicknesses of approximately 100 nm were obtained by staining the samples with RuO 4 for 10 min, followed by cryo-microtomy using a Leica EM FC6. The sections were picked up on a lacey carbon coated copper grid (Electron Microscopy Sciences). STEM experiments were performed on a Tecnai F20 UT FEG, equipped with a high angle annular dark field (HAADF) detector, using 200 keV acceleration voltage, and atomic compositions were determined using a built-in energy-dispersive spectrometry (EDS) X-ray detector.
Results and discussion
The LiTFSI solubility limits in the liquid and solid electrolytes are reported in Table 1 . The solubility limit (w LiTFSI_limit in Table 1 ) is taken to be the average w LiTFSI of the two solutions at the boundary between single-phase and two-phase systems. Based on the Flory-Huggins theory [43, 44] often used to describe mixtures of small molecules and polymers, one expects the solubility of the small molecules to be reduced by crosslinking of the host polymer chains due to the increase in chain length and the concomitant reduction of entropy. The opposite is seen in Table 1 . The solubility of LiTFSI in both types of solid electrolytes is higher than that in the liquid electrolytes. LiTFSI is more soluble in liquid POSS than in liquid PFPE. One expects this to affect the solubility of LiTFSI in the POSS-containing crosslinked solids. However, the fact that salt solubility is higher in the XL-POSS 0.12 -PFPE solids than either liquid is unexpected. Similarly, salt solubility in XL-PFPE is also higher than that of PFPE liquid. Perhaps the interactions between the salt ions and the crosslinked chains are fundamentally different from those in the liquid systems. Separate spectroscopic experiments that are beyond the scope of the present work may shed light on the factors that affect salt solubility in liquid and solid PFPEs. It is, perhaps, helpful to recall the processing steps involved in creating the solid electrolytes. In the XL-POSS 0.12 -PFPE case, the components are dissolved and reacted in THF at 70°C. Similarly, XL-PFPE is made by dissolving the components at 90°C. It is not surprising that the more LiTFSI is solubilized in the presence of solvent and elevated temperatures. The fact that salt did not precipitate after the solids were cooled to room temperature and dried (in the XL-POSS 0.12 -PFPE case) is surprising. We studied the crosslinked solids for several weeks after they were synthesized by examining them visually and by measuring the ionic conductivity. No evidence of salt precipitation was found. We also examined microtomed sections of the two classes of solid electrolytes by STEM to examine the possibility of the formation of small precipitates that cannot be seen visually. Typical micrographs of two crosslinked samples XL-PFPE_0.40 and XL-POS-S 0.13 PFPE_0.35 are shown in Fig. 3a and b, respectively. These micrographs show no evidence of salt precipitation. The STEM image of XL-PFPE_0.40 ( Fig. 3a) is featureless, suggesting that the sample is homogeneous. The composition of this electrolyte was characterized by EDS to obtain the elemental maps of carbon, oxygen, fluorine, and sulfur. The result, shown in Fig. 4a , shows a uniform distribution of these elements throughout the samples. The absence of large sulfur rich domains indicates that the salt is uniformly distributed in the electrolyte; sulfur is only present in the TFSI − anion. 
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STEM image of XL-POSS 0.12 -PFPE_0.35 shows some heterogeneity (Fig. 3b) . The corresponding EDS map of this sample, shown in Fig. 4b , indicates the presence of PFPE-rich (dark) and POSS-rich (bright) domains: carbon, oxygen and fluorine elements are homogeneously distributed throughout the sample while silicon is concentrated in the bright domains. In addition, sulfur, which indicates the location of TFSI − anions, is seen in the dark PFPE domains, suggesting that the salt is primarily solvated by the fluorinated PFPE chains. Representative DSC heating scans (heat flow versus temperature) are presented for XL-POSS 0.12 -PFPE_0.26 and XL-PFPE_0.25 in Fig. 5a . Also shown in Fig. 5a are representative data obtained from two liquid electrolytes, POSS_0.10, PFPE_0.10. All samples, except XL-PFPE_0. 25 , exhibit signatures of a glass transition, and the T g s of the samples are indicated by arrows on the DSC curves. The glass transition temperature associated with the motion of the fluorine atoms in pure PFPE liquids occurs at − 90°C, a value that is outside the range of the instrument that we have access to [45] . The glass transition seen between − 40 and − 60°C obtained from liquid PFPE_0.10 may reflect the motion of the urethane methacrylate end-groups. At the same w LiTFSI value, the POSS_0.10 electrolyte presents a glass transition between − 35 and − 60°C. The glass transition of XL-POSS 0.12 -PFPE_0.26, is located between −40 and − 10°C, a value that is higher than that of the liquidbased electrolyte at the same w LiTFSI . For reasons that are not clear, none of the UV cured crosslinked solid electrolytes presented signatures of a glass transition.
The DSC data are summarized in Fig. 5b where T g is plotted against w LiTFSI for the three systems that showed glass transitions. In the neat state (w LiTFSI = 0), the solid XL-POSS 0.12 -PFPE presents the highest T g , followed by POSS, followed by PFPE. At w LiTFSI = 0.2, the T g of the solid electrolyte is much higher than that of the liquid electrolytes. However, the increase in T g with salt concentration from w LiTFSI from 0.2 to 0.5 is weaker in the solid relative to the liquid electrolytes. This result is in agreement with those reported by Le Nest et al. in which it was shown that LiTFSI concentration has little influence on the glass transition temperature of crosslinked PEO-based networks [10] . All of the electrolytes exhibit similar T g s in the vicinity of w LiTFSI = 0.5. The observed linear relationships between T g and w LiTFSI in Fig. 5b are similar to those reported for PEO homopolymer and PEO-terminated POSS electrolytes [8, 10, 29, 31] . For w LiTFSI > 0.15, the POSS-and PFPE-based liquid electrolyte T g s are similar.
The thermal stability of the solid electrolytes was investigated by TGA experiments. In Fig. 6a , the TGA curves of two representative electrolytes, XL-POSS 0.12 -PFPE and XL-PFPE, at w LiTFSI of 0.30 are shown. Both electrolytes are stable up to 260°C with an onset temperature of electrolyte degradation (T d ) at 268°C and at 262°C for the XL-PFPE_0.30 and XL-POSS 0.12 -PFPE_0.30, respectively. An additional degradation event starting at about 330°C is also seen for both electrolytes. This is attributed to LiTFSI degradation. In Fig. 6b , the T d values of the two solid electrolytes, XL-PFPE and XL-POSS 0.12 -PFPE, are shown as a function of w LiTFSI . Without Li salt, T d is very similar for both materials, XL-PFPE_0 and XL-POSS 0.12 -PFPE_0, with a value around 230°C. For the XL-POSS 0.12 -PFPE electrolytes, T d is almost independent of w LiTFSI with an average value of 258 ± 4°C. More complex behavior is seen in the case of XL-PFPE. The excellent thermal stability of the electrolytes may prove important for Li polymer battery applications.
The ionic conductivity (σ) of the liquid-and solid-based electrolytes was determined as a function of the temperature in between 30 and 90°C. All of the electrolytes are above their glass transition temperatures in this regime. Fig. 7a shows σ of POSS, PFPE, XL-POSS 0.12 -PFPE, and XL-PFPE electrolytes at w LiTFSI = 0.30 as a function of 1000 / T.
The conductivity of PFPE with urethane methacrylate end-groups is similar to that of other PFPE electrolytes reported in previous studies [37] [38] [39] [40] [41] . The conductivity of POSS_0.30 (the most conductive electrolyte in this study) is higher than that of the PFPE electrolyte by a factor 3.2 ± 0.8 over the entire temperature window, reaching 6.7 × 10 − 5 S/cm at 90°C. The ion-conducting capability of acrylopropyl-terminated POSS has not been reported previously; the reported work on ion-conducting POSS-containing systems is based on PEOterminated POSS mixed with Li salt [29, 46] and POSS-based ionic liquid electrolytes [47] . Not surprisingly, the conductivity of XL-POSS 0.12 -PFPE_0.30 is lower than that of liquid POSS_0.30 and PFPE_0.30 electrolytes (Fig. 7a) . On average, σ of POSS_0.30 and PFPE_0.30 is higher than that of XL-POSS 0.12 -PFPE_0.30 by factors of 16.4 ± 6.4 and 4.7 ± 0.9, respectively. The XL-PFPE electrolyte at w LITFSI of 0.30 is lower in conductivity than the other liquid-and solidbased PFPE electrolytes, reaching only 1.1 × 10 − 6 S/cm at 90°C. The conductivity of XL-POSS 0.12 -PFPE_0.30 is larger than that of XL-PFPE_0.30 by factors ranging from 10 to 100. It is evident that the method used for crosslinking has a large effect on ionic conductivity. It is conceivable that the presence of POSS units in the crosslinks is responsible for the higher conductivity of XL-POSS 0.12 -PFPE_0.30 seen in Fig. 7a . In Fig. 7b , σ is reported as a function of w LiTFSI at 90°C for the four electrolytes. For the liquid-based POSS electrolyte, the conductivity increases with LiTFSI content until a maximum at 1.4 × 10 − 4 S/cm for w LiTFSI = 0.20. At higher w LiTFSI values, σ decreases down to 3.6 × 10 − 5 S/cm at w LiTFSI = 0.50, the solubility limit of LiTFSI in acrylopropyl-terminated POSS (see Table 1 ). This σ-w LiTFSI relationship is similar to that obtained in PEO and PEO-terminated POSS electrolytes with LiTFSI salt mixed in [8, 29] . The σ-w LiTFSI data of the liquid PFPE electrolyte appears to be more complex with multiple local maxima. It is not clear if this is due to complex interactions between the salt and the solvent or experimental difficulties. There is, however, a general trend toward higher conductivity with increasing salt concentration, similar to that reported in previous studies on PFPE electrolytes [37, 41] . In the solid electrolytes, XL-PFPE and XL-POSS 0.12 -PFPE, σ increases with w LiTFSI , reaching a plateau in the high salt concentration limit. For XL-POSS 0.12 -PFPE electrolytes σ = 1. One expects the conductivity of thermally crosslinked solid PFPE electrolytes to depend on POSS loading. This dependence is shown in Fig. 8 where the conductivity of a series of solid electrolytes with w LiTFSI held fixed at 0.17 is shown as a function of POSS weight fraction at 90°C. We find a conductivity maximum at w POSS = 0.12. Most of our work on this class of solid electrolytes was thus done on systems with w POSS = 0.12.
Returning to Fig. 7a , the conductivities of all the reported electrolytes are consistent with the empirical Vogel-Tamman-Fulcher equation [48] [49] [50] .
where R is the gas constant, T 0 is the glass transition temperature (T g ) minus 50 K [51] . The conductivity data were fit using Eq. (2) using the pre-exponential parameter, A, and the activation energy, B, as free parameters, while T 0 was fixed using the electrolyte T g values obtained from DSC (Fig. 5b) . We exclude the XL-PFPE electrolytes from this discussion as we were unable to detect a signature of the glass transition in DSC. The curves in Fig. 7a represent VTF fits through the data from the other three electrolytes. In addition to T g , the conductivity of our electrolytes is affected by factors such as ion dissociation and mobility of the solvent molecules. One can factor out the effect of T g by examining the dependence of conductivity as a function of 1000 / (T − T g + 50) as suggested by the VTF equation. This is shown in Fig. 9 . At low salt loading (w LiTFSI = 0.11), the liquid conductivities are about an order of magnitude above that of the POSS-based solid (XL-POSS 0.12 -PFPE) electrolyte (Fig. 9a) . The data obtained from the three systems appear to be parallel lines when plotted in the VTF format, suggesting that the main difference between the electrolytes is in the parameter A (not B). It is generally assumed that A reflects the concentration of effective charge carriers and thus the data in Fig. 9a suggests that more ion pairs are present in the solid electrolyte with w LiTFSI = 0.11. At high salt loading (w LiTFSI = 0.30), the distinction between the solids and liquids is diminished, as shown in Fig. 9b , suggesting that the concentration of effective charge carriers in the liquids and solids is similar. The VTF parameters obtained from our electrolytes are summarized in Fig. 10 where the dependencies of A and B on w LiTFSI are shown. As seen in Fig. 10a , A is a strong function of the nature of the solvent (solid versus liquid). In addition, A increases by two orders of magnitude over the accessible salt concentration range. In contrast, B is not a strong function of either the nature of the solvent nor salt concentration (Fig. 10b) , increasing by a modest factor of 1.7 over the accessible salt concentration range.
Conclusion
We report on the first attempt to synthesize solid fluorinated electrolytes using PFPE with urethane methacrylate end-groups. Two kinds of crosslinked systems were prepared using thermally and UV activated curing reactions. For the thermally crosslinked electrolytes, POSS nanoparticles with acrylopropyl groups were used as the crosslinking agent. The UV cured electrolytes were prepared using a photoinitiatior. In both cases, LiTFSI salt was mixed into the uncured liquid prior to the crosslinking step. We compared the ionic conductivity of solid electrolytes with that of the two liquid precursors in our systems: PFPE with urethane methacrylate end-groups and POSS with acrylopropyl groups, both mixed with LiTFSI. To our surprise, mixtures of POSS and LiTFSI exhibited significant ionic conductivity. (The conductivity of the liquid PFPE electrolyte was similar to that reported in previous studies [37, 41] .) The LiTFSI solubility limit in both types of solid electrolytes is higher than that of the liquid electrolytes. After synthesis, no evidence of salt precipitation was found for several weeks. In addition, LiTFSI is more soluble in liquid POSS than in liquid PFPE. Glass transition temperatures were detected by DSC for the liquid-based and thermally crosslinked solid electrolytes. None of the UV crosslinked solid electrolytes presented signatures of a glass transition. Upon addition of LiTFSI, the increase in T g with w LiTFSI from 0.2 to 0.5 is weaker in the solid relative to the liquid electrolytes. A general trend is seen toward higher conductivity with increasing salt concentration. For the solid electrolytes, XL-PFPE and XL-POSS 0.12 -PFPE, σ increases with w LiTFSI , reaching a plateau in the high salt concentration limit. At the lowest salt concentration studied, the conductivity of the POSS-containing solid is greater than that of the solid that does not contain POSS by a factor of 243. It appears as though the salt ions selectively interact with the POSS moieties at low salt loadings and that this increases salt dissociation. Our conductivity measurements on liquid mixtures of POSS and LiTFSI provide some support for this. At high salt loading, however, the conductivity of the POSS-containing solid and that of the solid that does not contain POSS is within a factor of 5, and the conductivity of the latter solid is higher. We posit that the conductivity in the high concentration limit is dominated by the interactions between salt and PFPE chains. It is evident that in addition to T g , the conductivity of the electrolytes is affected by ion dissociation and mobility of the solvent molecules. We used the VTF framework to quantify these factors. The VTF prefactor, A, that is related to the concentration of effective charge carriers, is a strong function of the nature of the solvent (solid versus liquid) whereas the activation energy, B, is neither a strong function of the nature of the solvent nor salt concentration.
We hope that the present work sets the stage for developing solid fluorinated polymer electrolytes with optimized properties.
